establishes that the protonation behaviour is a critical and essential parameter in order to assess 13 the gene condensation and delivery vector properties of a polycationic compound. undertaken to determine the pH required for complete protonation of the dendrimer amines. respectively, were monitored. The solvent residual peak was used as the internal standard.
D r a f t

Results
12
pH Titrations. PETIM dendrimers, constituted with primary amine functionalities at the 13 peripheries, were synthesized by two iterative Michael addition reactions and two iterative 14 functional group reductions, as described in Scheme 1.
22
A pH titration of the amine 15 functionalized dendrimers G0(NH 2 ) 3 , G1(NH 2 ) 6 , G2(NH 2 ) 12 and G3(NH 2 ) 24 protons of the methylene groups adjacent to the primary and tertiary amines, labelled 'a' and 'b' 8 respectively, were monitored. The solvent residual peak was used as the internal standard.
9
Resulting spectra were plotted as a stack plot and the pH values were assigned from the 10 corresponding acid mole fraction in the pH titrations. NMR titration profiles of dendrimers 11 G0(NH 2 ) 3 and G1(NH 2 ) 6 are shown in (Figures 2a and 3a) . G1(OH) 6 , G2(OH) 12 and G3(OH) 24 , were also performed (Figure 6a ). These dendrimers do not 5 possess primary amine moieties at their peripheries, unlike amine-terminated dendrimers,
6
whereas the tertiary amine sites are intact in hydroxyl group terminated dendrimers as in the case 7 of G0(NH 2 ) 3 , G1(NH 2 ) 6 , G2(NH 2 ) 12 and G3(NH 2 ) 24 . Since the hydroxyl group terminated plot of G1(OH) 6 is shown in Figure 6b . The 1 H NMR stack plot spectra of G0(OH) 3 , G2(OH) 12 
12
and G3(OH) 24 are given in the Supporting Information.
13
The hydroxyl group terminated dendrimers showed one resonance for the methylene groups 3 , G1(OH) 6 , G2(OH) 12 and G3(OH) 24 
21
dendrimers are shown in Figure 7 , from which sharper sigmoidal transition in the case of inner 22 core tertiary amine moieties than that at the peripheries was observed. resonances, corresponding to primary and tertiary amines at ~21.5 ppm and 41 ppm, pK values of the dendrimer amines were calculated from the experimental data and theoretical 13 simulations as described below.
14
The pK values were calculated from the experimentally determined θ values using equations including polyamine dendrimers, with the aid of theoretical simulations. [25] [26] [27] [28] Interaction between 11 the outer shell primary amine and the next shell tertiary amine was assigned a value 1 1.05
whereas the interactions between all the tertiary amines was assigned ε 2 = 1.21, similar to the 13 assignments made to PPI dendrimers reported previously. 28 We also included an interaction of with each other, with which we infer that the protonations occur stepwise, from outer-to-inner 4 shell of the dendrimer structure. This inference is discussed in detail in a section below. relevant to efficient gene delivery. 30 The BC were thus derived from the pH titration data of the 9 amine dendrimers using equation 5, as described by Buschmann and co-workers. 
13
A plot of the buffering capacity of the dendrimer vs pH is shown in Figure 11 . A major 14 observation is that the buffering capacity of the dendrimers increases with increasing dendrimer 15 generation. A high BC indicates that larger amount of acid is required in order to protonate amines at a given pH. At physiological pH, a high BC assumes importance, as it implies the phenomenon of proton-sponge mechanism for endosomal escape. 
33-35
Thus, a study of 1 protonation behaviour of polycationic vectors, and hence PETIM dendrimers assumes 2 importance.
3
The protonation pattern of PAMAM and PPI dendrimers and branched polymers were 4 reported previously. 26, 36 In these studies, the pH or potentiometric titrations were combined 5 further with theoretical treatment using the Ising model. It was concluded that PAMAM 6 dendrimer would undergo a stepwise protonation, in which the first protonation step involved 7 protonation of all terminal primary amine groups (pK a ~ 9), between pH of 7 and 8. This was 8 followed by protonation at pH 3 − 5, of all the internal tertiary amines (pK a 5.8), with the 9 exception of the core nitrogen. The central core nitrogen was protonated only at very low pH and was calculated to have a pK a value of 3.5. On the other hand, a detailed study of PPI
11
dendrimers by 15 N NMR spectroscopy, potentiometric titrations and simulations showed that all the odd shells protonated in the first instance, followed by protonation of the even shells. 36 This 13 protonation behaviour, described as "onion shell" like behaviour, showed that primary and 14 tertiary amines in alternate shells of PPI dendrimer have similar pK a values. Two-thirds of the 15 nitrogens were protonated at pH 10 and the remaining nitrogens, with pK a of 6, were protonated 16 at pH ~5.
37
The titration of amine moieties of PETIM dendrimers with an acid followed a sigmoidal transition, that confirmed to the characteristic sigmoidal transitions obtained upon protonation of polyelectrolyte solutions, such as, PEI, chitosan and dendrimers. interactions between the peripheral amines and tertiary amines were also included to account for 2 the flexibility and back-folding phenomena observed in PETIM dendrimer.
19
From the above studies, the protonation behaviour of PETIM dendrimers is summarized as D r a f t
The PETIM dendrimers, G2(NH 2 ) 12 and G3(NH 2 ) 24 , showed a good buffering at the pH 1 range of 4 -6 in the presence of 150 mM NaCl. This observation indicated that amine moieties in PETIM dendrimer of higher generations could efficiently aid endosomal escape, through the 3 protonation of the inner shell tertiary amines. The effective endosomal escape properties of the 4 dendrimer are evident from previous studies, wherein, the addition of the lysomotropic agent, 5 chloroquine did not lead to enhanced transfection. 22 It was postulated that the dendrimer amines 6 are sufficient to enable endosomal escape and did not require an additional reagent. The studies 7 of buffering capacity of G3(NH 2 ) 24 presented in this work help to ascertain this hypothesis.
8
Further, the protonation studies showed that the primary amines, as well as, the penultimate shell 
12
relevant to the gene transfection protocols. Table 1 . pK values of G0(NH 2 ) 3 and G1(NH 2 ) 6 , obtained experimentally and calculated using 
14
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